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High-quality single-walled carbon nanotubes (SWNTs) with narrow diameter distribution can be
generated from well-de¯ned Si8O12 nanoclusters structure which form from thermal decomposi-
tion of chemically modi¯ed polyhedral oligomeric silsesquioxane (POSS). The nanosized SixOy
particles were proved to be responsible for the SWNT growth and believed to be the reason for the
narrow diameter distribution of the as-grown SWNTs. This could be extended to other POSS.
The SWNTs grown from the nanosized SixOy particles were found to be semiconducting enriched
SWNTs (s-SWNTs). A facile patterning technology, direct photolithography, was developed for
generating SWNT pattern, which is compatible to industrial-level fabrication of SWNTs pattern
for device applications. The metal-free growth together with preferential growth of s-SWNTs and
patterning in large scale from the structure-de¯ned silicon oxide nanoclusters not only represent a
big step toward the control growth of SWNTs and fabrication of devices for applications par-
ticularly in nanoelectronics and biomedicine but also provide a system for further studying and
understanding the growth mechanism of SWNTs from nanosized materials and the relationship
between the structure of SWNT and nonmetal catalysts.
Keywords: Single-walled carbon nanotube; metal-free growth; chemical vapor deposition; pat-
terning nanotubes; POSS.
1. Introduction
Selective growth of semiconducting single-walled
carbon nanotubes (s-SWNTs) or metallic SWNTs
(m-SWNTs) and precise control of their diameter
are two main challenges toward controlled growth
of SWNTs for various applications1 although a
lot of e®orts have been put on generating pure s-
or m-SWNTs including electrical breakdown of
m-SWNTs based on FET devices,2 electrochemical
separation,3 selective chemical reaction,4,5 etc. In
§
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recent years, considerable e®orts on the preferential
growth of type-speci¯c or even chiralities of SWNTs
by metal nanoparticles (NPs) have been made
through the control of the growth condition,6–8 the
catalytic particle size,9 shape,10 composition,11 etc.
However, controlled growth and deep understand-
ing of the preferential growth of s- or m-SWNTs
even speci¯c chirality are still not fully understood.
Metal NPs are believed to be indispensable for the
growth of SWNTs by chemical vapor deposition
(CVD) and Fe family of elements were regarded as
the most e®ective catalysts for a long time. How-
ever, many other metal NPs such as Au,12–14 Ag,12
Cu,12,15 Pd, Pt,12 Rh,16 Mg, Mn, Cr, Sn and Al,17–19
nonmetal NPs including semiconductors such as Si,
Ge,20 Te,21 In, Ga,22 carbides such as SiC15 and
Fe3C,
20 have been reported to be active in the
growth of nanotubes in recent years. One problem
arising from the metal catalysts is that the
chemical, redox, magnetic properties of the metal
NPs involved in the nanotube materials will in-
terfere with the corresponding nanotube proper-
ties and performances. More recently, we have
reported that oxides including SiO2, Al2O3, TiO2
and rare earth oxide23,24 and ZnO25 are e±cient
catalysts for CNTs growth. Other oxides such as
ZrO2,
26 etc. and even carbonaceous material such
as diamond and fullerene,27,28 carbon NPs29,30
and carbon nanotubes (CNTs)31 have also been
found to be e®ective catalysts for CNTs growth.
These metal-free catalysts provide an alternative
type of catalysts for the nanotube growth so that
they o®er an opportunity to investigate not only
the growth mechanism of CNTs but also the re-
lationship between the catalysts and the struc-
tures of the nanotubes. Furthermore, the metal-
free nanotubes will bene¯t their applications,
particularly in molecular electronics, biology and
medicine.32,33
In this paper, we demonstrated that high-quality
SWNTs with narrow diameter distribution can be
generated by using polyhedral oligomeric silses-
quioxane (POSS) as catalyst precursors based on
CVD. More importantly, it was found that prefer-
ential growth of s-SWNTs ( 85%) can be achieved
from POSS, providing an approach to in situ growth
of semiconducting enriched SWNTs by CVD for
nanoelectronic devices such as FET. Furthermore, a
direct photolithography technique has been devel-
oped for patterning Si8O12 nanoclusters or other
SixOy NPs on substrate using solvent-soluble POSS,
o®ering a facile way to generate metal-free SWNTs
pattern, which is compatible to the industrial-scale
fabrication for various applications.
2. Experimental Methods
2.1. Preparation of SixOy NPs
on substrate
The Si wafer with 1 layer of SiO2 was ¯rst treated
by piranha solution followed by washing with
deionized water and acetone under sonication before
use. 10–20mg POSS-(2-(trans-3,4-Cyclohexanediol)
ethyl)-Heptaisobutyl substituted (a), POSS-Octa
(2-trichlorosilylethyl) substituted (b) and polymer-
POSS [(propylmethacryl-heptaisobutyl-poss)-co-(t-
butyl methacrylate)] 25wt.% (c) (from Aldrich)
(their structures are shown in Fig. 1) were dissolved
in 50mL tetrahydrofuran (THF), the Si wafer was
dipped into the solution or the solution was spin
casted onto the wafer surface. After dried, the wafer
was annealing in air at 600C for 1 h to decompose
the POSS.
2.2. Patterning POSS by direct
photolithography
5–10mg POSS (c) was dissolved in 10mL acetone.
The solution was mixed with propylene glycol
monomethylether acetone (PGMEA) containing
phenolic resin-type photoresistor. A parallel line
pattern was used as a photo-mask. After exposure
under UV light and development in 10% NaOH
solution, SixOy pattern was fabricated by burning
the pattern with POSS at 600C in air for 1 h.
2.3. Growth of nanotubes by CVD
The growth of the SWNTs was carried out by
EtOH–CVD. When gradually heating the substrate
with catalysts in H2 (800 sccm) until 900C, ethanol
vapor was delivered by bubbling H2 (200 sccm) into
ethanol, which has 1–3% water at 25–40C with
argon (200 sccm), was introduced into the 1-inch-
diameter quartz tube. The growth of nanotubes
lasted for 10min. Superlong well-oriented SWNT
arrays were fabricated by using \Fast-hearing"
CVD followed our previous paper (Ref. 24). Si3N4
TEM grid with hollowness was also used as sub-
strate for the SWNTs growth for direct HRTEM
observation.
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2.4. Electrodeposition of Ag on long
SWNT arrays
The electrodeposition was carried out using a three-
electrode arrangement: A saturated calomel elec-
trode as the reference electrode, Pt gauze counter
electrode and working electrode which is the long
oriented SWNT arrays connected by a conducting
silver adhesive or Au layer by sputtering coating.
The samples were dipped into the silver deposition
solution containing 0.1mM AgNO3 with 0.02M
KNO3 as the supporting electrolyte. Electrodeposi-
tion was performed at 0.6V for 6–10 s.
2.5. Characterization
(a) Scanning electron microscopy (SEM): SEM
images were taken from FEI nanoSEM at 1 kv,
spot 4 or 10 kv spot 3.
(b) TEM: TEM images were taken from FEI Tecnai
at 200 kV.
(c) Atomic force microscopy (AFM): AFM images
were recorded at NanoScope III in tapping mode.
(d) Raman spectroscopy: Raman spectra were col-
lected from JY-T64000 Raman spectroscopy
under ambient conditions by using a laser
Fig. 1. Chemical structures of the POSS used as catalyst precursor (a) POSS-(2-(trans-3,4-Cyclohexanediol)ethyl)-Heptaisobutyl
substituted. (b) POSS–Octa (2-trichlorosilylethyl) substituted. (c) Polymer-POSS [(propylmethacryl-heptaisobutyl-pss)-co-
(t-butyl methacrylate)] 25wt.%. (d) AFM image of the SixOy NPs after burning the POSS (a) in air and height pro¯le. (e) Size
distribution of SixOy NPs, inset is HRTEM image of the SixOy NPs. (f), (g), (h) SEM images of the nanotubes growing from POSS
(a) (b) and (c), respectively.
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excitation of 514.5 nm (2.41 eV, 20mw) and
632.8 nm (1.96 eV, 3mw) from an air-cooled
Arþ laser and He–Ne laser, respectively. The
beam size is 2.
3. Results and Discussion
The inorganic core of three kinds of POSS as shown
in Figs. 1(a)–1(c) is about 0.5 nm. Suitable external
functional groups make the POSS soluble in some
solvents such as acetone, chloroform, THF or
benzene. POSS can be thermally decomposed into
silica. Compared with the scratching method, silica
NPs from well-de¯ned Si8O12 nanocluster structure
(abbreviated as SixOy) can be much more uniform
and better controlled. Figure 1(d) gives the AFM
image and height pro¯le of the formed SixOy NPs
after burning in air. The size distribution of SixOy
NPs was given in Fig. 1(e) (96 NPs were mea-
sured), revealing that the size of the SixOy NPs is
ranging from 1–5 nm, mainly 1–2 nm, which is
con¯rmed by TEM observation as shown in the
Fig. 1(e) (inset). CNTs can be generated by all
three kinds of POSS [Figs. 1(f)–1(h)], indicating
that SixOy NPs are e®ective catalyst for the
nanotube growth. The single-walled structure of
the nanotubes was proved by AFM, TEM and
Raman spectroscopy. Figure 2(a) is the AFM
image and height pro¯le of the as-grown nanotubes
using POSS (a) as catalyst precursor. The size
distribution of the SWNTs according to the AFM
height measurements (100 SWNTs were measured)
is shown in Fig. 2(b). It can be seen that about 88%
of the SWNTs are in the range of 1.0–2.0 nm.
Figure 2(c) is the typical Raman spectrum of the
SWNTs from POSS (a) using excitation laser of
632.8 nm (1.96 eV).
The average diameter is about 1.54 nm. The di-
rect evidence comes from the HRTEM observation
as shown in inset image in Fig. 2(a). The narrow
diameter distribution of the SWNTs is believed to be
due to the identical structure of Si8O12 nanocluster,
which is similar with the use of molecular Fe–Mo
nanocluster.34 The SWNTs with narrow diameter
(a)
(b) (c)
Fig. 2. (a) AFM image of the SWNTs using POSS (a) as catalyst precursor. (b) Diameter distribution of the nanotubes based on
the AFM height measurement and (c) Raman spectrum of the nanotubes. Inset is the HRTEM image, indicating the single-walled
structure.
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distribution from SixOy NPs represent a big step
for metal-free growth of SWNTs with controllable
diameter.
The G-mode of SWNT in Raman spectroscopy
can be used to identify the semiconducting or me-
tallic structure of a SWNT based on their line
shape.35 We have developed a facile and e®ective
way to identify the structure of a superlong indi-
vidual SWNT by Raman spectroscopy with the
assistance of Ag deposition on the superlong well-
oriented SWNT arrays in our previous paper.36–39
The same method was applied here. Figures 3(a)
and 3(b) are the SEM images of the generated su-
perlong well-oriented SWNT arrays from POSS (a)
before and after Ag deposition. Inset in Fig. 3(b) is
the high magni¯cation image, showing an individual
SWNT and deposited Ag NPs. It was noticed that
98.5% long nanotubes can be deposited with Ag NPs
(856 out of 869 nanotubes), which is much higher
than that of Fe–Mo catalyst (68%),38 indicating
better structural uniformity of the nanotubes from
POSS. More importantly, after checking 109 nano-
tubes with Ag deposition by Raman spectroscopy, it
was found that only 17 nanotubes are typically
metallic conducting. Considering 1.5% long SWNTs
were not deposited with Ag metal NPs, more than
85% nanotubes are semiconducting. The reason for
high catalytic activity of the SixOy and preferential
growth of semiconducting SWNTs are not fully un-
derstood at this stage. The function of the SiO2 and
the growth mechanism of the about nanotubes from
SiO2 may be complicated and argued.
40–42 We be-
lieve that the catalytic activity of the SixOy for the
SWNT growth relates to the molten or liquid-like
state of the nanosized (less than 5 nm) amorphous
SixOy surface at growth temperature (900
C) al-
though the m.p. of the bulk material is much higher
(1610C), which may cause the SixOy NPs to be
(a) (b)
(c) (d)
Fig. 3. (a) SEM image of superlong well-oriented SWNT arrays from POSS (a). (b) after Ag deposition using oriented SWNTs
arrays as electrode. Inset is the magni¯ed image, showing individual nanotubes with Ag NPs and (c), (d) Typical Raman spectrum
of semiconducting and metallic SWNT.
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highly chemically active for the decomposition of
ethanol molecules on the surface and serve as tem-
plate for the formation of a hemispherical nanotube
cap for further growth. The preferential growth of
nearly 90–96% s-SWNTs have been reported.8,38,39,43
More recently, metallic-enriched SWNTs up to a
maximum of 91% from SiO2-supported Fe was also
achieved by varying the noble gas ambient during
thermal annealing of the catalyst which causes dif-
ferences in bothmorphology and coarsening behavior
of the catalyst NPs.10 However, deep understanding
of what exactly determines the chirality of the
nanotubes during growth is still limited. Therefore,
more in-depth investigation on this issue needs to be
done in future.
Patterning SWNTs is necessary for some appli-
cations.44 A variety of POSS by introducing hydro-
phobic or hydrophilic functional groups makes them
soluble in many solvents, which allows us to further
apply direct photolithography technology45 to pat-
tern the POSS by dissolving polymeric POSS (c)
in chloroform and toluene with photoresistor. After
exposure, development and burning process, pat-
terned SixOy NPs on substrate could be fabricated.
Figure 4(a) gives the schematic illustration of this
procedure. Figure 4(b) is the pattern of the photo-
resistor with the polymeric POSS. After burning at
600 in air to remove the photoresistor and decom-
posing the POSS-contained polymer, the resulting
patterned SixOy NPs is shown in Fig. 4(c). AFM
observation on local area as indicated by the white
square in Fig. 4(c) gives dense NPs with diameter
mainly ranging from 1nm to 2 nm [Fig. 4(e)]. Thus,
patterned dense SWNTs can be generated after
CVD as shown in Fig. 4(d). This demonstration
could provide the industrial-scale fabrication of
metal-free patterned SWNTs, with metallic-enriched
and narrow diameter distribution, for various
applications.
In summary, we have demonstrated that high-
quality SWNTs with narrow diameter distribution
can be generated from well-de¯ned Si8O12 nano-
clusters structure which form from thermal decom-
position of chemically modi¯ed POSS. The nanosized
SixOy was proved to be responsible for the SWNT
growth and believed to be the reason for the narrow
diameter distribution. This could be extended to
other POSS. More importantly, the SWNTs from
SixOy are semiconducting-enriched (> 85%). A facile
patterning technology, direct photolithography, has
been developed for generating SWNT pattern, which
is compatible to industrial-level fabrication of
SWNT pattern. Themetal-free growth together with
preferential growth of s-SWNTs with diameter con-
trol and large-scale patterning from the well-de¯ned
silicon oxide nanoclusters structure not only repre-
sents a big step toward the controlled growth of
SWNTs and fabrication of devices for applications
particularly in nanoelectronics and biomedicine but
also provide a system for further studying and un-
derstanding the growth mechanism of SWNTs from
nanosized materials and the relationship between
the structure of SWNT and nonmetal catalysts.
Fig. 4. (a) Schematic illustration of the direct photolithogra-
phy method to patterning SWNTs using POSS as catalyst. (b)
SEM image of the parallel lines of the photoresistor containing
POSS (c). (c) SEM image of the SixOy NPs pattern after re-
moval of the photoresistor and decomposition of the polymeric
POSS by burning in air. (d) SEM image of the dense SWNTs
pattern after CVD. Inset is the ampli¯ed image and (e) AFM
image and height pro¯le of the SixOy NPs in local area as in-
dicated by white square in (c).
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